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New directions for phosphatidylinositol transfer
Newly revealed properties of phosphatidylinositol transfer protein help
to explain the cellular targeting of lipids involved in signal transduction,
and indicate that inositol lipids play a part in directing membrane traffic.
The pace of research on inositol phospholipids has accel-
erated as their known roles in eukaryotic cells have
increased in number and diversity, a trend that is still con-
tinuing apace. Phosphorylation of inositides at the 3, 4
and 5 positions of the inositol ring by lipid kinases
provides an array of signalling molecules in the cyto-
plasmic leaflet of membranes. Phosphatidylinositol 4,5-
bisphosphate (PIP2) is best known as a precursor for the
generation of inositol 1,4,5-trisphosphate (IP3) - the
well-known Ca2 +-mobilizing second messenger - but
regulatory roles for the intact lipid in enzyme activation,
cytoskeletal regulation and membrane-traffic direction
have recently emerged. Inositides phosphorylated at the 3
position by phosphoinositide 3-kinase (PI 3-kinase) -
either phosphoinositide 3-phosphate (PIP) or phospho-
inositide 3,4,5-trisphosphate (PIP 3) - constitute addi-
tional classes of phospholipid messengers that are critical
for growth-factor-receptor signalling, cytoskeletal reorga-
nization and the control of intracellular membrane traffic.
The existence of multiple pathways of phosphoinositide
phosphorylation, and the spatially localized cellular roles
of the phosphorylated lipids, necessitate cellular mecha-
nisms for compartmentalizing their metabolism and
circumscribing their action. Several recent reports offer
important clues to a mechanism for phosphoinositide
compartmentalization that involves phosphatidylinositol
transfer protein (PI-TP), a cytosolic protein discovered
over 25 years ago for its ability to exchange phospha-
tidylinositol (PI) and phosphatidylcholine (PC) between
lipid bilayers. A requirement for PI-TP has now emerged
in several novel contexts, suggesting new and unex-
pected roles for phosphorylated inositides in membrane
traffic events.
Roles of PI-TP in signal transduction
Receptor-associated signal transduction pathways involv-
ing PIP 2 hydrolysis use phospholipase C (PLC) isoforms
that are activated either by G proteins (PLC-P) or by pro-
tein-tyrosine phosphorylation (PLC-y). In HL60 cells,
the sustained agonist- and G-protein-stimulated hydroly-
sis of PIP2, catalyzed by PLC-, was found to require
factors that were depleted from cells upon permeabiliza-
tion [1]. Using reconstitution in the presence of ATP as
an assay, Thomas et al. [1] purified one of the required
factors, which was shown to be identical to PI-TP. These
results indicated that PI-TP provides substrate PI for
ATP-dependent phosphorylation by phosphoinositide 4-
kinase (PI 4-kinase) and phosphoinositide 5-kinase (PIP
5-kinase), to maintain PIP2 pools for PLC hydrolysis.
A role for PI-TP as a purveyor of substrate PI from sites
of synthesis in the endoplasmic reticulum to sites of
phosphorylation and hydrolysis on the plasma membrane
had long been predicted [2]. More recent studies on the
reconstituting effect of PI-TP in this system, however,
have uncovered a novel feature of PI-TP's activity [3].
Whereas it was expected that the supply of PI substrate
by PI-TP would prolong stimulated inositol phosphate
production by PLC-P (in the presence of ATP) by pre-
venting PIP 2 from being exhausted, it was in addition
found that PI-TP markedly enhanced the initial rates of
stimulated hydrolysis. This was interpreted as indicating
that PLC-P preferentially uses as its in vivo substrate PIP2
derived from the PI presented by PI-TP.
The preferential access to PLC of phosphoinositides bound
to PI-TP might result from an interaction between PI-TP
and a complex of enzymes that channel PI through phos-
phorylation and hydrolysis steps, or from the use of PI
bound to PI-TP as a preferred substrate for phosphoryla-
tion, with phosphorylated lipids remaining bound to PI-
TP until they are hydrolyzed. It remains to be seen
whether PI bound to PI-TP is a substrate for phospho-
inositide kinases, and whether PIP 2 remains bound to PI-
TP for PLC hydrolysis. While additional studies should
soon be able to test these conjectures, the kinetic studies
do suggest that PI-TP is part of an apparatus that segregates
phosphoinositides for specific kinase-catalyzed conversions.
Recent work on EGF-stimulated PIP 2 hydrolysis
through PLC-y activation [4] provides direct evidence
for coupling between PI-TP and a phosphoinositide
kinase, and for the existence of enzyme complexes con-
taining lipid kinases and PLC (Fig. 1). Previous studies
indicated that EGF stimulation increases the rate of PIP 2
synthesis as well as hydrolysis. Kauffmann Zeh et al. [4]
recently reported an EGF-dependent association between
the EGF receptor and the type II PI 4-kinase. These
workers used A431 cell permeabilization to demonstrate
that EGF stimulation of sustained IP3 production was
markedly dependent upon PI-TP [5]. PI-TP was
required for EGF-stimulated PIP and PIP 2 synthesis as
well. Moreover, an EGF-dependent association between
PI-TP, PI 4-kinase, PLC-,y and the EGF receptor was
demonstrated. This represents the clearest evidence to
date for the existence of complexes of enzymes that can
direct PI toward a specific metabolic destination.
It is likely that a PIP 5-kinase is also part of this complex.
The recently reported sequence of a PIP 5-kinase (type
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Fig. 1. Channeling of phosphatidyl-
inositol metabolism by enzyme com-
plexes that segregate PIP2 for- phos-
phorylation, hydrolysis or use as a lipid
second messenger that regulates actin
assembly and phospholipase D (PLD).
3K, 4K and 5K stand for P 3-kinase, PI
4-kinase and PIP 5-kinase, respectively.
II) revealed the presence of SH3-binding domains, which
may mediate selective association between PIP 5-kinase
and the SH3 (Src homology 3) domains of PLC-y or PI
3-kinase, thus channeling 5-phosphorylated lipids toward
hydrolysis or 3-phosphorylation [6]. Such complexes are
likely to account for the segregated metabolism of phos-
phoinositides detected as hormone-responsive and non-
responsive pools in metabolic labelling studies. It will be
of interest to determine whether the two known iso-
forms of PI-TP exhibit preferences for specific PI 4-
kinase isoforms, and whether similar mechanisms of
substrate presentation operate for 3-phosphorylation by
PI-3 kinases.
Roles of PI-TP in membrane fusion and fission
As a potential harbinger of additional roles for phospho-
inositides, PI-TP has recently been identified as an essen-
tial participant in aspects of membrane fusion and fission.
PI-TP was identified as one of three proteins required for
an ATP-dependent priming step in Ca2 +-activated secre-
tory-granule exocytosis in permeable PC12 cells [7]. A
role for phosphoinositides could not be directly inferred
from this observation, as PI-TP is known to transfer PC
as well as PI. However, the function of PI-TP in exo-
cytosis was clarified by the identification of a second pri-
ming factor as the type I isoform of PIP 5-kinase [8].
These constituents apparently function with the PI 4-
kinase that is an intrinsic component of dense-core secre-
tory granules. Intact PIP 2, rather than metabolites
derived from its hydrolysis, appears to be required for the
priming of exocytosis.
Recent studies have uncovered a requirement for PI-TP
for the in vitro biogenesis of secretory vesicles frorfi the
trans Golgi network in PC12 cells (M. Ohashi, K.J.
deVries, R. Frank, G. Snoek, V. Bankaitis, K. Wirtz and
WB. Huttner, personal communication). In this system, it
remains to be determined whether PI-TP functions to
transfer or bind PI, or serves some other role. The func-
tion of PI-TP in this system may be similar to that of the
PI-TP of the yeast Saccharomyces cerevisiae in regulating late
Golgi transport events. The yeast PI-TP exhibits no pri-
mary sequence similarity to mammalian PI-TP, but it
nonetheless transfers PI, and to a lesser extent, PC, in vitro
with properties similar to those of the mammalian protein.
Recent studies have dissected the Golgi role of the yeast
PI-TP into functions related to its PC- as well as its
PI-binding properties. PC-binding by PI-TP functions as
a sensor of Golgi-membrane phospholipid composition
that regulates the activity of choline-phosphate-cytidylyl-
transferase, a rate-limiting enzyme in PC biosynthesis [9].
Functions of yeast PI-TP related to PI-binding remain to
be clarified, but are known to involve the SAC1 protein,
which is linked to actin function in yeast. Mammalian
PI-TP substitutes in part for the yeast PI-TP, seemingly
to provide the PI-binding role, as mutant mammalian
PI-TPs selected in yeast yielded proteins defective in
PI-binding and/or transfer [10].
Intact PIP 2 is required for membrane traffic, but what
might the important effector molecules be for this func-
tion of PIP2? Recent in vitro studies have revealed a rich
array of potential targets for PIP 2 as a lipid second mes-
senger. PIP 2 interacts with numerous cytoskeletal and
actin-binding proteins (such as profilin, gelsolin, villin,
a-actinin, vinculin and 3-spectrin), suggesting that the
spatially segregated synthesis or metabolism of PIP 2 may
be linked to the focal assembly or disassembly of actin
filaments [11]. This mechanism could underlie the inter-
actions between membranes and filamentous actin that
are required for regulated exocytosis. PIP 2 also regulates
the activity of a number of enzymes (such as protein
kinase C and phospholipase D) that might participate in
membrane fission and fusion reactions.
The attractive possibility that PIP 2 formation on a vesicle
might trigger phospholipase-D-catalyzed changes in
membrane composition that lead to fusion has recently
been discussed [12]. The in vitro activity of PIP 2 in pro-
moting GTP exchange on monomeric GTP-binding
proteins (such as Rho, Rac or ARF) might lead to
cytoskeletal rearrangements (Rho, Rac) or membrane
coating/uncoating (ARF), attractive possible ways of
promoting Golgi vesicle formation [13]. A major chal-
lenge for the future will be to develop methods that can
incisively probe the cellular physiology of phosphorylated
inositol lipids to determine whether mechanisms sug-
gested by in vitro studies have relevance in situ.
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